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Physiologic heart rate dependency
of the PQ interval and its sex
differences
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On standard electrocardiogram (ECG) PQ interval is known to be moderately heart rate dependent,
but no physiologic details of this dependency have been established. At the same time, PQ dynamics
is a clear candidate for non-invasive assessment of atrial abnormalities including the risk of atrial
fibrillation. We studied PQ heart rate dependency in 599 healthy subjects (aged 33.5 £ 9.3 years, 288
females) in whom drug-free day-time 12-lead ECG Holters were available. Of these, 752,517 ECG
samples were selected (1256 == 244 per subject) to measure PQ and QT intervals and P wave durations.
For each measured ECG sample, 5-minute history of preceding cardiac cycles was also obtained.
Although less rate dependent than the QT intervals (36 +-19% of linear slopes), PQ intervals were
found to be dependent on underlying cycle length in a highly curvilinear fashion with the dependency
significantly more curved in females compared to males. The PQ interval also responded to the heart
rate changes with a delay which was highly sex dependent (95% adaptation in females and males
after 114.9 £+ 81.1 vs 65.4 4 64.3 seconds, respectively, p < 0.00001). P wave duration was even less
rate dependent than the PQ interval (9 - 10% of linear QT/RR slopes). Rate corrected P wave duration
was marginally but significantly shorter in females than in males (106.8 + 8.4 vs 110.2 +-7.9ms,

p < 0.00001). In addition to establishing physiologic standards, the study suggests that the curvatures
and adaptation delay of the PQ/cycle-length dependency should be included in future non-invasive
studies of atrial depolarizations.

The electrocardiographic (ECG) interval between the onset of the P wave and the onset of the QRS complex is
frequently called the PR interval but should be more accurately termed the PQ interval. As well known, the dura-
tion of this interval represents the combination of the intra-atrial conduction and of the excitation delay within
the atrioventricular node.

Abnormalities of the PQ interval are associated not only with the atrioventricular node pathologies but also
with intra-atrial anomalies. In addition to the diagnosis of atrioventricular conduction pathologies, monitoring of
the PQ interval is therefore useful for the assessment and device programming of cardiac resynchronization ther-
apy'~ as well as for clinical follow-up of heart failure patients**. Prolongation of the PQ interval was also found
predicting adverse outcome in general population®’. More recently, a number of studies showed that PQ interval
may be used as a risk indicator of subsequent development of atrial fibrillation or of its recurrence after ablation
therapy®~!1. Similarly, risk of atrial fibrillation was reported to relate to the P wave duration'>*>.

Similar to the ventricular conduction system, intra-atrial conduction is influenced by the autonomic nervous
system'?. It is therefore not surprising that PQ interval duration also exhibits autonomically modulated changes
and that the interval is heart rate dependent!>!. Also not surprisingly, some of the characteristics of autonomic
PQ adaptation have been reported to predict atrial fibrillation”. Nevertheless, details of the heart rate depend-
ency of PQ interval are sparse'®'8. Although it might be expected that more accurate characterization of the
dependency in individual subjects would further advance the clinical utility of the PQ monitoring, little has been
published on the autonomic modulations of the P wave duration.
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Previous studies only examined simple linear relationships between the PQ interval durations and either
underlying heart rate or the simultaneously measured RR intervals. Physiologic speed of the adaptation of the PQ
interval in response to heart rate changes and non-linear patterns of the relationship have not been researched.
Likewise, very limited data exist on the possible sex and age differences in the PQ/heart rate relationship.

This limited understanding of the character of PQ dynamics prevents the development of more accurate
non-invasive methods for the assessment of intra-atrial conduction abnormalities including the risk of atrial
fibrillation. Therefore, to address these knowledge gaps, we used large sets of ECG data obtained in healthy sub-
jects both to develop and test methodology of the intra-subject characterization of the PQ/heart rate relationship,
and to statistically summarize the results in terms of the age dependency and of the differences between healthy
females and males. Since substantial experience exists with the dynamics of the QT interval and with intra-subject
assessment of the QT/heart rate relationship, we also compared the PQ interval dependency on heart rate with
that of the QT interval assessed in the very same population.

Methods

Investigated population and electrocardiographic recordings. Clinical pharmacology studies were
conducted at 6 different clinical research units and enrolled altogether 639 healthy subjects. All participating
subject were screened before enrolment and all had a normal resting ECG and normal clinical investigation as
mandated prior to clinical pharmacology research studies'. All these source studies were ethically approved by
the institutional ethics bodies (Focus in Neuss; Parexel in Baltimore, Bloemfontein, and Glendale; PPD in Austin;
and Spaulding in Milwaukee) and all subjects gave informed written consent to the participation in the study in
accordance with the Helsinki declaration.

Age and demographic data were obtained in the subjects at the time of enrolment to the source studies. Body
mass index was calculated as body weight in kilograms divided by the square of body height in metres. The sub-
jects were drawn from standard pool of volunteers of clinical pharmacology studies and did not include highly
trained athletes.

Each of the studies included repeated 12-lead day-time ECG Holter recordings in each participant. The
recordings were made during multiple baseline days when the subjects were on no treatment. During these base-
line days, study protocols included repeated provocative manoeuvres with the aim of capturing wide heart rates
ranges on the recordings of each participant. The Holter recordings used Mason-Likar electrode positions.

The investigation described in this text utilized the baseline Holter recordings when the subjects were off any
medication, did not smoke, and refrained from consuming caffeinated drinks. Also, the baseline handling of the
study participants did not differ between individual clinical research units. Consequently, further details of the
clinical pharmacology studies are of no relevance.

Electrocardiographic measurements. Using previously developed technology combining computerized
signal processing with visual checks and manual corrections of the measurements®, P wave onset, QRS onset, and
T wave offset points were identified in multiple sections of each of the 12-lead Holter recordings. (In addition to
these measurements, QRS offset points were also identified but these were not used in the data analyses reported
here.) The measurements were made in representative median beats, sampled at 1000 Hz, derived from 10-second
ECG segments of the Holter recordings. Pattern matching algorithms*! were included in the measurement set-up.
This ensured that comparable morphologies of P wave onset, QRS onset, and T wave offset were measured in a
corresponding way. Quality control of the measurements was also used. This included visual verification and
manual correction of computerized measurements by at least two independently working cardiologists with sub-
sequent independent reconciliation in case of measurement disagreement. The visual inspection by the two inde-
pendent cardiologists also included a decision of whether a morphological point can be defined with sufficient
certainty. Additionally, P wave offsets were identified at the decrease of the root mean square of 12-lead P wave
voltages below 15% of its maximum value.

For each 10-second ECG segment in which the morphological point identifications were made, a 5-minute
history of RR interval preceding the segment was also obtained. This allowed to include measurements preceded
by both stable and variable heart rates during the preceding 5 minutes.

In each measured ECG segment, PQ interval was defined as the time distance between the P wave onset and
the QRS onset, while the QT interval was defined between the QRS onset and the T wave offset. P duration was
the distance from P wave onset and offset.

Heart rate and rate hysteresis correction. Relationship to heart rate. Since multiple ECG measure-
ments over broad ranges of underlying heart rates were available in each subject, we had the possibility to inves-
tigate intra-subject relationship of PQ intervals (and similarly QT intervals and P wave durations) to heart rate.
For this purpose, 4 different regression models were considered. In the following descriptions of these models,
symbols PQ; represent repeated measurements of the PQ interval in the same subject, RR; are the RR interval
durations corresponding to the underlying heart rate of the PQ; measurements, ¢; are zero centred normally dis-
tributed residual errors, and PQc is the regression projected value of the PQ interval at the heart rate of 60 beats
per minute, i.e. at RR =1s. The values of PQ; and of RR; were considered in seconds.

(a) Linear model assumed that PQ intervals were linearly related to the underlying RR intervals and was based
on the regression PQ; = PQc + «(RR; — 1) + ;. For each study subject, a subject-specific value of the
coefficient & was optimized to achieve zero centred distribution of residual errors e;.

(b) Log-linear model assumed that the logarithms of PQ intervals and of RR intervals were linearly related and
was based on the regression log(PQ;) = log(PQc) + (3 log(RR;) + ¢;. As with the linear model, the
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subject-specific coefficient 3 was optimized for each study subject.

(c) Hyperbolic model assumed that PQ intervals were linearly related to the underlying heart rate (rather than
to the corresponding RR intervals) and was based on the regression PQ; = PQc + 9(1 — 1/RR;) + ¢;.
Again, the coefficients 0 were optimized for each subject separately.

(d) Curvilinear model was based on previous experience based on the investigations of the QT/RR relation-
ship?? that showed that not only the slopes of the relationship but also the patterns and curvatures of the
relationship differ between different healthy subjects. The model was based on the regression
PQ, =«a + ﬁ(RR? — 1) + ¢, where the coefficients 6 (the slope of the relationship) and +y (the curvature
of the relationship) were optimized in each study subject to achieve not only zero centred distribution of
the residual errors ¢; but also the lowest standard deviation of the residual errors ;. That is, the curvature
coefficient y was selected such that the model fitted the PQ/RR data in hand better than with any other
value of the curvature coefficient. As previously explained?, curvature coefficients ~y close to 1 indicate
linear relationship. The more «y differs from 1, the more curved the relationship (y values above and below
1 indicate convex and concave patterns, respectively).

Heart rate hysteresis. 'The concept of heart rate hysteresis (known from the studies of QT interval dynamics*»**)

relates to the observation that after an abrupt heart rate change, the heart rate dependent ECG characteristic (the
PQ interval in this study) may not change immediately but with a certain delay. This speed of the response to
heart rate change (i.e. how quickly the characteristic changes) might be independent of the extent of the change
(i.e. how much the characteristic changes).

The experience with the heart rate hysteresis of the QT interval duration shows that if a rate dependent char-
acteristic shows rate hysteresis, its relation to instantaneously measured heart rate is less compact compared to
the relation to averaged rate over a longer heart rate history*. Therefore, to investigate this phenomenon, three
different expressions of RR interval value corresponding to heart rate underlying a PQ interval measurement
were considered:

(a) Average of preceding 3 RR intervals was used to represent the instantaneous heart rate simultaneous with
the PQ interval measurement. Since the measurements were made on representative complexes of ECG
segments, the average of last 3 RR intervals of the segment were used including a verification that the PQ
intervals in the corresponding heart beats did not differ from the representative complex measurements.

(b) Average of 10-second RR intervals was obtained from the 10-second ECG segment in which the measure-
ment of the PQ interval was made.

(c) Hysteresis corrected RR intervals were obtained using subject-specific optimization of the exponential decay
model of heart rate influence®. That is, for a PQ interval measurement, the sequence of preceding RR
interval {RR;}Y ; (RR, closest to the PQ measurement) was considered. The RR interval representing the

heart rate underlying the PQ measurement was then calculated as RR = N sw;RR;, where for each
j=0,--, N,
gt
. =N oRR;

Zj:w _l—e

i T
i=0 l—e

The coefficient A characterized the subject-specific PQ/RR hysteresis, i.e. the speed with which PQ interval

adapted to changing heart rate. As described in the subsequent section, the coefficient A was obtained for each
study subject in conjunction with the PQ/RR regression model. The value of A was subsequently converted into
the so-called hysteresis time-constant, i.e. the time needed for the PQ interval to reach 95% of its new value after
a heart rate change.

Investigations of the relationship to heart rate. ~To investigate the character of the PQ heart rate dependency, we
used the following prospectively designed investigation plan of two steps:

The first step evaluated the consistence of PQ/RR hysteresis. Specifically, to check whether PQ/RR hysteresis
needs to be considered, the linear, log-linear, and hyperbolic models were combined with all three RR interval
expressions. In case of the hysteresis corrected RR intervals, the coefficient A was always optimized (in each study
subject separately) to achieve the lowest standard deviation of the residual errors ¢; (i.e. to obtain the closest fit of
the chosen regression model).

Since the residual errors ¢; were always zero centred, their standard deviation was a valid characterization of
the compactness of the regression fit - it is an estimate of the sum of squares of the differences between the regres-
sion line or curve and the actual PQ interval measurements at the corresponding heart rate. We call these stand-
ard deviations the regression residuals.

The hysteresis-type adaptation of the PQ interval to changing heart rate was established if, in the study popula-
tion, the regression residuals of the PQ interval regressions to hysteresis corrected RR intervals were smaller than
the residuals of the PQ regressions to other RR interval expressions. In that case, the hysteresis time constants
were considered in the description of the PQ/RR relationship.

The second step evaluated the curvature of PQ/RR patterns. Using the RR interval expression determined in
the first step, a comparison was made between the different PQ/RR regression models. Subject-specific curvatures
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of the PQ/RR relationship were established if, in the study population, the regression residuals of the curvilinear
PQ/RR regression model were smaller compared to the regression residuals of the other PQ/RR regression mod-
els. For the combination of the curvilinear PQ/RR model with the hysteresis corrected RR intervals, both param-
eters A (hysteresis profile) and « (curvature of the PQ/RR relationship) were optimized in each subject of the
study by searching for the minimal regression residual within the complete 2-dimensional [ A|y] space.

Minimising regression residuals.  The validity of characterisation of the heart rate relationship of an ECG interval
is dependent on finding an appropriate model describing the relationship. While the slopes of linear regressions
approximate the overall extent of the heart rate dependency (e.g. may be used to estimate whether an ECG inter-
val is more dependent on heart rate than another ECG interval) it is obvious that linear models cannot accurately
describe relationships that show highly curved patterns. This is the reason why we used curvilinear models and
employed the regression residuals as a guide for the selection of the most appropriate model.

Minimizing the regression residuals allows to find the optimum PQ/RR relationship that finds how much of
the PQ (or QT) variability may be explained by the heart rate dependency. In other words, the regression residuals
measure the goodness of the fit of the regression through the cloud of the PQ and RR data in each study subject.
This allows to compare different regressions by statistical comparisons of their regression residuals across the
study population.

This also allows selecting the optimum regression model for each study subject separately which in turn allows
to compare not only the slopes of the rate-relationship but also its curvatures and the hysteresis time constants
between different ECG intervals as well as between different populations sub-groups (e.g. females and males as
reported in this study).

Heart rate correction. In each subject, the optimum model of the PQ/RR relationship (i.e. the combination of the
PQ/RR regression with the RR interval expression selected by procedure described in the previous section) was
used with the subject-specific coefficients. The projection of this regression to the value of RR=1s was used as the
individually heart rate corrected duration of the PQ interval. This value is termed the PQc interval.

Comparison between PQ, P wave and QT interval heart rate relationship. The very same methodology of com-
bining the four different regression models with the three RR interval expressions was also applied to the QT/RR
and P-wave-duration/RR relationships in the study subjects (including the calculation of the individually cor-
rected QTc intervals and rate corrected P wave durations). This allowed us to study paired comparisons between
the subject-specific parameters of the PQ/RR, P-duration/RR, and QT/RR relationship.

Summaries of data in heart rate bins. To validate the results obtained with the curvilinear regression
models, we used the so-called heart rate bin analysis®** that allows studying the rate relationship of the investi-
gated ECG intervals without involving any heart rate correction and/or regression modelling.

For each study subject and each heart rate level, all ECGs of the given subject were selected for which the
underlying heart rate (with appropriate hysteresis correction) did not differ from the given heart rate level by
more than a pre-specified width of a sampling bin. The medians of the ECG interval measurements (of PQ and
QT intervals and of P wave durations) characterized the durations of the measured intervals in the given subject
at the given heart rate. In each heart rate bin, these median values of separate subjects were subsequently statis-
tically summarized (separately for females and males) by calculating their means, standard deviations, and 99%
confidence intervals derived from normal distribution.

Statistics and data presentation. Continuous data are presented as means + standard deviation or as
medians and inter-quartile ranges, as appropriate. The significances of intra-subject paired differences of regres-
sion residuals or of the differences between corresponding characteristics of the PQ/RR and QT/RR relationships
were tested using paired two-tail t-test. The differences between female and male sub-populations were tested by
two-sample two-tail t-test assuming unequal variances of the compared distributions. Age dependencies of the
characteristics were investigated by Pearson correlation coeflicients and, where appropriate, displayed as linear
regressions shown together with their 95% confidence bands. The statistical tests were calculated using the IBM
SPSS Statistics package, version 25. P-values below 0.05 were considered statistically significant. When repeating
statistical tests for 6 sub-populations per source clinical centres, Bonferroni correction of the statistical signifi-
cance was used; no other corrections were considered.

Results
Population and electrocardiographic measurements. The source clinical pharmacology studies
investigated 639 subjects (311 females). Of these, 40 (6.26%, 23 females) had to be subsequently excluded since
the optimization algorithms for the calculation of PQ/RR hysteresis profile did not converge. The population of
the reported investigation therefore comprised 599 subjects (288 females aged 33.5410.1 years, and 311 males
aged 33.6 £ 8.5 years, no statistical difference between the ages of the sex sub-groups). In the baseline Holter
recordings of these subjects, ECG measurements were attempted in 752,517 samples. Of these, PQ and QT inter-
vals and P wave durations were measurable in 747,651 (99.4%), 749,144 (99.6%) and 726,181 (96.5%) respec-
tively. There were no significant differences between the numbers of PQ measurements in individual females
(1,237 £259) and males (1,259 4= 237) or between the numbers of P wave duration measurements in individual
females (1,210 £ 260) and males (1,223 = 250). Table 1 show the distribution of the study population in the 6
clinical centres.

PQ/RR and P-wave-duration/RR patterns were first judged visually. Figure 1 shows examples of intra-subject
PQ/RR relationships in 4 study subjects and allows the comparison with the QT/RR relationships in the same
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Females Males
PQ |P QT PQ |P QT
Centre | N Age [years] |data |data |data |N Age [years] | data | data | data
1 83 32.7+£94 1385 | 1360 |1383 |93 31.9+£7.7 1421 | 1397 | 1423
2 81 32.1£10.2 1310 | 1279 | 1306 |75 353184 1345 | 1290 | 1348
3 13 229+2.0 1311 1274 | 1315 |15 24.6+4.6 1192 | 1176 | 1192
4 16 52.3£6.0 1447 | 1415 | 1447 |15 48.5+7.6 1553 | 1487 | 1556
5 72 34.6+6.9 1031 | 1004 |1034 |90 34.1£6.6 1036 | 999 1049
6 23 30.3+9.8 900 895 902 23 294+7.6 1043 | 1012 | 1046
ALL 288 33.54+10.1 1237 1210 |1236 | 311 33.6+£8.5 1259 | 1223 | 1264

Table 1. Subject and data distribution in separate clinical centres. For each clinical centre, the table gives the
number (N) of female and male subjects, their average (£standard deviation) ages, and averaged numbers of
ECG segments with valid PQ intervals, P wave duration, and QT interval data per subject. The line ALL shows
the same data for all centres combined. In all clinical centres (and in the combined data of all centres), there
were no statistically significant differences between the ages of the female and male subjects.

individuals. The figure is in agreement with previous reports'®!® that showed much lower slopes of PQ/RR profiles
compared to QT/RR profiles. The figure also suggests that the PQ/RR profiles are more curved. The figure further
shows that while the P wave durations are not stable over different heart rates, the rate dependency of P wave
durations is even shallower compared to that of the PQ intervals.

Heart rate hysteresis assessment. Table 2 shows the comparison of regression residuals of the combi-
nations of the linear, log-linear and hyperbolic regression models with different RR interval expressions. For all
these regression models, the PQ/RR regression residuals obtained with the hysteresis corrected RR intervals were
highly significantly smaller compared to the other RR interval expressions (p < 0.00001 in all cases). Consistent
with previous reports?, the same observation was also made with the QT/RR regression residuals for which the
differences between the RR interval expressions were even larger (again, p < 0.00001 in all cases).

Interestingly, while on average, the linear QT/RR regression model fitted the intra-subject profiles better than
the log-linear or hyperbolic models, the hyperbolic PQ/RR model provided lower residuals compared to the
linear and log-linear models (again, p < 0.00001 for all comparisons). This is in agreement with the visual obser-
vations of substantially curved PQ/RR patterns seen in Fig. 1.

Figure 2 shows the cumulative distributions of the regression residuals obtained with different RR interval
expressions. Because of the comparison with other models, hyperbolic PQ/RR and linear QT/RR models are
shown. The figure demonstrates that incorporating hysteresis correction of the RR intervals led to substantially
larger residual reduction of the QT/RR models compared to the PQ/RR models. Nevertheless, while the PQ/RR
regression residuals overlap in the complete population, the hyperbolic PQ/RR regression residuals involving
hysteresis corrected RR intervals were larger than the hyperbolic PQ/RR regression residuals based on either of
the other RR interval expressions only in 1 female (0.35%) and in 3 males (0.96%).

Hence, this analysis proved that PQ interval duration does not adapt to the heart rate changes instantaneously
but with a delay and that the heart rate phenomenon of heart rate hysteresis needs to be considered.

Curvature of heart rate dependency. Table 2 also shows the regression residuals of the curvilinear PQ/
RR and QT/RR regression models combined with hysteresis corrected RR intervals. Similar to the QT/RR regres-
sions, the residuals of the curvilinear PQ/RR regressions were significantly smaller compared to the residuals of
the other regression models (p < 0.00001 for all comparisons). Using the combination with hysteresis corrected
RR intervals (i.e. with subject-specific hysteresis corrections), the curvilinear model had lower intra-subject
regression residuals than the linear and hyperbolic models for every study subject. The log-linear PQ/RR model
had lower regression residuals than the curvilinear model only in 4 males (1.28%) and in no females.

The cumulative distributions of the regression residuals of different regression models combined with the
subject-specific hysteresis corrections are shown in Fig. 3. Albeit somewhat smaller, the reduction in PQ/RR
regression residuals when involving the curvilinear model is reminiscent of the corresponding QT/RR residual
changes.

The difference in the P-wave-duration/RR residuals was smaller still, albeit statistically significant. In females,
the curvilinear and linear P-wave-duration/RR models led to residuals of 5.15+ 1.52 and 5.26 &= 1.53 ms, respec-
tively (p < 0.0001) while in males, the corresponding numbers were 5.24 4 1.85 and 5.37 & 1.85 ms, respectively
(p <0.0001). Hence, the curvatures of the P-wave-duration/RR relationship were also statistically confirmed but
the comparisons are not shown in Fig. 3 because of the miniscule numerical differences.

Heart rate dependency characteristics. Hysteresis time constants. Figure 4 shows the evaluation of the
subject-specific PQ/RR hysteresis time constants and their comparison with QT/RR hysteresis time constants.
These constants were derived from the optimization of the curvilinear regression models. The hysteresis constants
derived from the other regression models (not presented) were almost identical and showed the same properties.

While the QT/RR hysteresis constants were marginally albeit significantly shorter in females compared to
males (115.7+21.3s vs 123.7 £ 21.9s, p=0.00009), the sex difference of the PQ/RR hysteresis constants was
reversed and more substantial (114.9+81.1s vs 65.4 +64.3s, p < 0.00001). The substantial difference is well
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Figure 1. Examples of individual PQ/RR relationship in comparison to the QT/RR relationship in the same
individual. Each row of two panels corresponds to one subject (from top to bottom: females aged 24 and 31
years, males aged 27 and 44 years - the diagrams of females and males are in red and blue, respectively). The
panels on the left show the PQ/RR relationships (diamonds) and P-wave-duration/RR relationship (circles), the
panels on the right show the QT/RR relationships. In each panel, the original PQ and QT measurements are
shown against the hysteresis corrected RR intervals after subject-specific hysteresis optimization (see the text for
details). Note that while the panels on the left and on the right have different vertical axes, the span of the axes is
always 200 ms allowing the comparison between the steepness of the PQ/RR and QT/RR relationships.

visible in the top panels of Fig. 4 that show the cumulative distributions of the hysteresis time constants. The pan-
els of the middle row of Fig. 4 show that the sex differences in the hysteresis time constants were consistent across
different study sub-groups defined by the source clinical sites.

Substantial difference between the PQ/RR and QT/RR hysteresis time constants was also found in their age
relationship (panels on the bottom row of Fig. 4). While the QT/RR hysteresis constants mildly increased with age
(r=0.175,p=0.003, +3.69 s per 10 years in females; r =0.349, p < 0.001, +-8.96 s per 10 years in males), the PQ/
RR hysteresis constants more steeply decreased with age (r=—0.171, p=0.004, —13.73 s per 10 years in females;
r=—0.213, p <0.001, —16.04s per 10 years in males).

The PQ/RR and QT/RR hysteresis time constants were not mutually related (r = —0.025 and r=—0.011 in
females and males, both not significant).
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. Females Males
Regression
model 3intervals | 10seconds | hysteresis 3intervals | 10seconds | hysteresis
PQ/RR relationship
linear 8.11£245 7.97+£2.43 7.33+£2.25 7.42+1.97 7.18+1.95 6.681+1.83

log-linear 8.56 £2.68 8.43+£2.66 7.79+2.46 7.69£2.10 7.42+£2.06 6.92+1.94
hyperbolic 7.9442.39 7.78+2.38 7.11£2.19 7.254+1.90 6.95+1.88 6.47+1.77

curvilinear 6.96£2.12 6.33£1.73
QT/RR relationship
linear 11.83+2.28 |10.734+2.03 | 591+1.18 11.46+2.08 | 10.57+1.95 | 5.58+1.09

logflinear 12.67+£2.39 | 11.54+2.15 | 6.31+1.23 12.09+2.12 | 11.16+£1.95 |586+1.14
hyperbolic 12.17£2.30 | 11.07£2.10 | 6.61£1.43 11.97£2.18 | 11.04£2.02 | 6.48+£1.42
curvilinear 5.68+1.12 5.43+1.07

Table 2. Regression residuals. For linear, log-linear and hyperbolic regression models (see the text for details)
the table shows regression residuals (mean =+ standard deviation, values in milliseconds) for RR interval
expressions as the average of 3 RR intervals (3 intervals), the average of 10 seconds of RR intervals (10 seconds)
and the individually hysteresis corrected RR intervals (hysteresis). Regression residuals are also shown for the
combination of curvilinear regression models with the hysteresis corrected RR intervals. Results of the PQ/RR
and QT/RR relationship are shown in the top and bottom part of the table, respectively. The results in females
and males are shown in the left and right parts of the table, respectively.
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Figure 2. Cumulative distributions of the regression residuals (see the text for details) of the hyperbolic PQ/RR
regression models in the top row and of the linear QT/RR regression models in the bottom row. The panels on
the left with red lines show the distribution in females, the panels on the right with blue lines the distribution in
males. The dotted, dashed, and bold lines show the distribution of the residuals obtained with the averages of 3
RR intervals, 10-second averages of RR intervals, and hysteresis corrected RR intervals, respectively.

Since the P-wave-duration/RR patterns were substantially less steep compared to the PQ/RR and QT/RR
patterns (see subsequent sections), the assessment of P-wave-duration/RR hysteresis was more influenced by
measurement outliers. We have not found any statistically significant differences between the PQ/RR hysteresis
and the P-wave-duration/RR hysteresis. Consequently, the individual PQ/RR hysteresis profiles were also used to
study the individual P-wave-duration/RR profiles.

Curvatures of the curvilinear regression models. The analysis of the PQ/RR and QT/RR intra-subject curvatures
is shown in Fig. 5.

The intra-subject PQ/RR patterns were more curved in females than in males as evident from significantly
lower curvature parameters y (—1.90 £ 2.56 in females vs —1.22 4+ 2.45 in males, p=10.001). In both sexes, the
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Figure 3. Cumulative distributions of the regression residuals (see the text for details) of the PQ/RR regression
models in the top row and of the QT/RR regression models in the bottom row. The panels on the left with red
lines show the distribution in females, the panels on the right with blue lines the distribution in males. In all
cases, the regressions involved hysteresis corrected RR intervals. The fine dotted lines, fine dashed lines, fine
bold lines, and bold full lines correspond to log-linear, linear, hyperbolic, and curvilinear regression models,
respectively.

PQ/RR patterns were also more curved than the QT/RR patterns (7 values 0.54 £ 0.70 in females and 0.73 +0.75
in males; p = 0.002 for sex-group comparison; p < 0.00001 for both comparison with PQ/RR curvatures in sex
groups). Cumulative distributions of the  values are shown in the panels on the top row of Fig. 5. The panels on
the middle row of Fig. 5 show that the sex differences in the curvatures were consistent in different sub-groups by
source clinical centre apart from the PQ/RR curvatures in subjects investigated at clinical centre 3 which provided
the smallest sub-group (4.7% of study subjects).

The bottom row of panels of Fig. 5 shows that the PQ/RR and QT/RR curvatures tended to decrease (towards
higher v values) with advancing age. However, these trends were only marginally significant for PQ/RR curva-
tures in females (r=0.119, p=0.04).

In both sex sub-groups, the PQ/RR and QT/RR curvatures did not correlate with each other.

For reasons of shallow P-wave-duration/RR relationship, the curvatures -y of the P-wave-duration/RR patterns
showed large spread of values of —1.56 £5.61 and —1.28 = 4.94 in females and males, respectively (no statistical
difference between the sex groups). Similar to the PQ/RR patterns, this conformed that the P-wave-duration/RR
patterns were substantially more curved than the QT/RR patterns.

Slopes of the regression models.  The top row of panels of Fig. 6 shows the cumulative distributions of PQ/RR and
QT/RR curvilinear regression slopes. For PQ/RR regressions, these were very marginally lower in females than
in males (0.036+0.032 vs 0.041 £ 0.026, p = 0.047) while the curvilinear QT/RR regressions had substantially
steeper slopes in females than in males (0.159 & 0.032 vs 0.140 £ 0.025, p < 0.00001).

Nevertheless, the curvilinear slopes correspond to the derivative tangent of the curvature at RR of 1 s and are
thus influenced by the curvature. Therefore, the middle row of panels of Fig. 6 shows the cumulative distributions
of linear PQ/RR and QT/RR slopes. Here, the sex difference in the PQ/RR slopes disappeared (0.060 4-0.033 vs
0.055 £ 0.026, not significantly different) while the observation of the sex difference of the QT/RR slopes did not
change (0.1754-0.028 vs 0.147 £0.024, p < 0.00001).

As previously observed, PQ intervals were generally less heart rate dependent than the QT intervals. The
linear PQ/RR slopes were only 34 £ 19% and 38 &= 19% of the QT/RR slopes in females and males, respectively
(p=0.009 for the sex comparison - the statistical significance was clearly caused by the sex differences in the QT/
RR slopes).

The left panel of the bottom row of Fig. 6 shows the cumulative distributions of linear P-wave-duration/RR
slopes (note that the horizontal scale of this panel is different since if using the same scale as for the PQ/RR and
QT/RR slopes, the figure would not be legible). The slopes in females (0.015 4 0.015) and in males (0.017 £0.016)
were not statistically significantly different.
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Figure 4. The panels on the top row show the cumulative distribution of subject-specific hysteresis constants
of the curvilinear regression models of the PQ/RR relationship on the left and of the QT/RR relationship on the
right. The curves of the red and blue lines correspond to the distributions in females and males, respectively.
The panels of the middle row show comparisons of the hysteresis time constants between females (red circles
with red error bars) and males (blue squares with blue error bars) in sub-populations defined by the source
clinical centre of the study (see the text for details). The graphs show medians and inter-quartile ranges, the sizes
of the marks indicate the numbers of subjects in the sub-populations. The panels on the bottom row show the
scatter diagrams of the individually optimized hysteresis time constants against the ages of the study subjects.
The red/pink circles correspond to females, the blue/azure squares to males. In each panel, the solid red and
solid blue lines show the linear regressions between the hysteresis time constants and age in females and males,
respectively. The red shaded and blue shaded areas are the 95% confidence intervals of the regression lines; the
violet areas are the overlaps between the confidence intervals of the sex-specific age-regressions.

No systematic relationship of the linear PQ/RR slopes to age was found and similarly, the PQ/RR slopes were
not systematically related to the QT/RR slopes. Nevertheless, as shown in the right bottom panel of Fig. 6, the PQ/
RR and P-wave-duration/RR slopes were significantly correlated (and more so in males than in females).

Heart rate corrected intervals. The cumulative distributions of individually heart rate corrected PQc
and QTc intervals (curvilinear models with individually optimized hysteresis corrected RR intervals) are shown
in the top row of Fig. 7. As well known, the QTc intervals were significantly longer in females than in males
(419.7+£13.9ms vs 400.9 = 12.4 ms, p < 0.00001). On the contrary, the PQc intervals were not significantly differ-
ent between the sex groups (161.3 & 18.6 ms vs 163.3 £16.7 ms).

The left bottom panel of Fig. 7 shows the cumulative distributions of rate corrected P wave durations. These
were significantly shorter in females compared to males (106.8 £ 8.4 ms vs 110.24+7.9ms, p < 0.00001). The right
bottom panel of Fig. 7 shows that (not surprisingly) the rate corrected P wave durations were significantly corre-
lated to PQc intervals (r=0.39 and 0.43 in females and males, respectively).

Not surprisingly, the PQc and QTc intervals did not correlate with each other.
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Figure 5. The panels on the top row show the cumulative distribution of subject-specific curvilinear PQ/

RR curvatures (the left panel) and of the subject-specific curvilinear QT/RR curvatures (the right panel). The
curves of the red and blue lines correspond to the distributions in females and males, respectively. The panels
on the middle row show comparisons of the curvatures between females (red circles with red error bars) and
males (blue squares with blue error bars) in sub-populations defined by the source clinical centre of the study
(see the text for details). The graphs show medians and inter-quartile ranges, the sizes of the marks indicate

the numbers of subjects in the sub-populations. The panels of the bottom row show the scatter diagrams of the
regression curvatures against the ages of the study subjects. The red/pink circles correspond to females, the blue/
azure squares to males. In each panel, the solid red and solid blue lines show the linear regressions between the
curvature values and ages in females and males, respectively. The red shaded and blue shaded areas are the 95%
confidence intervals of the regression lines; the violet areas are the overlaps between the confidence intervals of
the sex-specific age-regressions.

Heart rate bin analyses. The heart rate bin analysis of PQ intervals, P wave durations, and QT intervals
over the heart rate ranges between 60 and 100 beats per minute is shown in Fig. 8. The Figure confirms the
previous observation that the PQ interval durations show little sex differences. The sex difference in the P wave
duration is marked at slower heart rates but gradually (and non-linearly) decreases with increasing heart rate.
This is reminiscent of the sex difference in the QT interval which, although being reversed, is also decreasing with
increasing heart rate.

Covariates. As shown in Fig. 9, QTc intervals were marginally positively correlated with age (r=0.140,
p=0.017 for females; r =0.111, p=0.05 for males). The same marginal increase in PQc with increasing age was
observed in males (r=0.171, p=0.002) but not in females (r =0.016, not significant). Similar observations were
made with P wave duration (r=0.121, p=0.030 for females; r =0.270, p < 0.0001 for males).

Figure 10 shows that while QTc intervals were not correlated with body mass index (r =—0.023 and 0.108
for female and males, both not significant), PQc intervals were moderately correlated with body mass index
(r=0.142, p=0.022 for females; r = 0.150, p =0.012 for males). Slightly stronger correlations with body mass
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Figure 6. The panels on the top and on the middle row show cumulative distributions of curvilinear and linear
regression slopes, respectively. In these two rows, the panels on the right and on the left correspond to PQ/

RR and to QT/RR regressions, respectively. The left bottom panel shows the cumulative distribution of the
linear slopes of the P-wave-duration/RR relationship (note that the horizontal scale of this panel is different
compared to the panels on the two top rows). In all these panels, the curves of red and blue lines correspond

to the distributions in females and males, respectively. The bottom right panel shows the scatter diagram
between the linear PQ/RR and P-wave-duration/RR slopes. In this panel, the red/pink circles correspond to
females, the blue/azure squares to males. The solid red and solid blue lines show the linear regressions between
the compared slopes in females and males, respectively. The red shaded and blue shaded areas are the 95%
confidence intervals of the regression lines; the violet areas are the overlaps between the confidence intervals of
the sex-specific age-regressions.

index were found for the rate corrected P wave durations (r =0.142, p=0.022 for females; r=0.241, p < 0.0001
for males). More importantly, Figure 10 also shows that the sex differences in rate corrected P wave duration were
independent of body mass index.

None of the PQ/RR slopes, PQ/RR curvatures, PQ/RR hysteresis constants, P-wave-duration/RR slopes and
P-wave-duration/RR curvatures were significantly correlated with body mass index.

Discussion
The study provides physiologic insight into the PQ interval and P wave duration dynamics. Somewhat more
speculatively, the methodology of the study has also potential implications for future clinical applications linking
the PQ interval and P wave duration dynamics to outcome and risk of atrial electrophysiologic abnormalities.
Not all observations that we have made are novel. The fact that PQ interval is heart rate dependent has been
well known before'®!®. Soliman and Rautaharju'® also proposed that PQ interval is linearly related to heart rate
which is consistent with our observation that hyperbolic model fits the data better than a linear model (since the
RR interval duration is reciprocal of the heart rate). Other aspects of our observations have not been reported
before. The simple fact PQ interval adapts to changing heart rate with a delay is not very remarkable. However,
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Figure 7. The panels on the top row show the cumulative distribution of individually corrected PQc (left
panel) and QTc (right panel) intervals. The left bottom panel shows the cumulative distribution of individually
corrected P wave durations. In all these panels, the curves of red and blue lines correspond to the distributions
in females and males, respectively. The right bottom panel shows the scatter diagram between the PQc intervals
and rate corrected P wave durations. In this panel, the red/pink circles correspond to females, the blue/azure
squares to males. The solid red and solid blue lines show the linear regressions between the compared slopes

in females and males, respectively. The red shaded and blue shaded areas are the 95% confidence intervals of
the regression lines; the violet areas are the overlaps between the confidence intervals of the sex-specific age-
regressions.

the substantial sex differences in the PQ/RR hysteresis and its relationship to age are perhaps surprising. These
observations might be of substantial pathophysiologic importance.

The PQ interval durations reflects combination of intra-atrial and atrioventricular conduction speeds. The
duration of the P wave reflects atrial depolarization. The difference between these two intervals (that is, the dura-
tion of the isoelectric PQ segment) does not have a clearly defined electrophysiologic meaning since the depolar-
ization signal reaches the atrioventricular node (and thus the atrioventricular conduction is initiated) before the
more remote parts of the left atrial myocardium is activated.

The differences in the profiles of the PQ intervals and of P wave durations suggest that both atrial electro-
physiology and the atrioventricular nodal conduction are both under autonomic influence. Since the available
data do not allow timing the atrioventricular nodal conduction, we can only conclude that autonomic influences
at both levels combine and that this combination also exhibits sex differences, probably mediated by hormonal
influences®.

Speculatively, it seems plausible to propose that by simple closed loop mechanisms, the delay in the response
of these conductions speeds to the changing heart rate contributes to the stability of intra-atrial and atrioventricu-
lar depolarization. Hence, the substantial sex differences in the PQ/RR hysteresis (with women changing their
PQ intervals with a longer delay) together with the differences in PQ/RR slopes and in PQc intervals as well as
the marginally shorter P wave durations might all be contributing to the reduced incidence of atrial fibrillation
in pre-menopausal women compared to similarly aged men®>*°. The hypothesis that heart rate changes might
decrease intra-atrial depolarization stability seems also consistent with the observation that the risk of atrial
fibrillation is increased in younger subjects practicing physical exercise®’. The decrease of PQ/RR hysteresis time
constants with advancing age (as shown in Fig. 4) appears to be in agreement with the increased incidence of
atrial fibrillation in older patients®!*2,

Similar to QT interval hysteresis, the detailed mechanisms of the PQ interval hysteresis are not known. While
heart rate changes are well known to be autonomically mediated, the speed of not only parasympathetic (single
seconds) but also of sympathetic (20-30 seconds) responses is much faster than the hysteresis delay (in minutes).
The same applies to the dynamics of the ion channels involved in cardiac electrophysiologic mechanisms*. It is
therefore more likely that the mechanisms of hysteresis involve gradual closed loop mechanisms that maintain
the equilibrium between the sinus nodal rate and the depolarization and repolarization processes. Clearly, such
equilibrium maintenance is bound to be different between depolarization and repolarization processes, as evident
from our observations of the QT and PQ hysteresis profiles. Similarly, physiologic mechanisms for the PQ/RR
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Figure 8. The results of the heart rate bin analysis (see the text for details) of PQ intervals (top panel), P

wave durations (middle panel) and QT intervals (bottom panel). The analysis was performed for heart rate
bins centred at heart rates between 60 to 100 beats per minute (with bin widths of £5 beats per minute). The
full red and blue lines show the averages of interval measurements per heart rate bins in females and males,
respectively. The dark red and blue areas are the 99% confidence bands of the sex-specific averages (the dark
violet areas show the overlaps between the confidence bands of both sexes); the light red and light blue areas
are the +standard deviation bands of the sex-specific averages (the light violet areas show the overlaps between

standard deviation bands of both sexes).

hysteresis responsible for the decline with advancing age are difficult to elucidate. We can only speculate about the

influence of autonomic control since this also declines with advancing age.

As already mentioned, sex differences in cardiac electrophysiology are mostly attributed to the influence of sex
hormones?. Verification of such a concept is clearly beyond the possibilities offered by our data as no hormonal
measurements were included in the source clinical studies. In addition to future studies with detailed hormonal
measurements, it would also seem appropriate to replicate these analyses in ECG data of children and adoles-
cents® to answer the question of when in life the sex difference appears. In addition, similar to the QT/RR hyster-
esis which, as shown, exhibits opposite age influence and sex differences, PQ/RR hysteresis might likely be under
autonomic control also contributing to both sex and age influences®. Having this in mind, novel possibilities of
testing atrial electrophysiology and atrial arrhythmia risk might be proposed based on actual measurement of
PQ/RR hysteresis during standardized provocative manoeuvres such as tilt-testing or simpler postural provoca-

tions that are known to lead to controlled abrupt heart rate changes.
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Figure 9. Scatter diagrams of the PQc intervals (top panel), rate corrected P wave durations (middle panel) and
QT intervals (bottom panel) against the ages of the study subjects. The red/pink circles correspond to females,
the blue/azure squares to males. In each panel, the solid red and solid blue lines show the linear regressions
between the interval durations and ages in females and males, respectively. The red shaded and blue shaded
areas are the 95% confidence intervals of the regression lines; the violet areas are the overlaps between the
confidence intervals of the sex-specific regressions.

In relation to this, the technology of assessing the PQ/RR hysteresis needs also to be addressed. The distribu-
tion curves of the PQ/RR hysteresis time constants cover very broad range of numerical results. While this might
be entirely physiologic, it is also possible that the exponential decay model that we used in this investigation is not
the optimum technology and that other approaches to the hysteresis assessment might need to be researched®>.
Since we used the very same approach to all study subjects, the observed large differences between females and
males are undisputable. Nevertheless, the numerical calculations by different hysteresis corrections might lead to
different time constants.

The curvatures of the P-wave-duration/RR and PQ/RR relationship might also be contributing to the stability
of intra-atrial depolarizations. Visual comparisons of the PQ/RR patterns with QT/RR patterns in Fig. 1 show
that the increased curvature means that PQ interval duration is relatively stable until the underlying heart rate
increases above a certain (subject-specific) threshold above which the PQ interval progressively shortens. The
same appears to apply to the P wave duration. (The population trends shown in Fig. 8 do not fully reflect the indi-
viduality of subject-specific curvatures.) Thus, the increased PQ/RR curvatures in females and their marginally
lower curvilinear slopes indicated that in females, PQ interval and P wave durations are more stable over a wider
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Figure 10. Scatter diagrams of the PQc intervals (top panel), rate corrected P wave durations (middle panel)
and QTc intervals (bottom panel) against the body mass index measurements of the study subjects. The layout
of the figure and the meaning of the symbols is the same as in Fig. 9.

range of heart rates. Similar to the sex differences in PQ/RR hysteresis, this might also contribute to the lower
incidence of atrial fibrillation in younger females.

Additionally, the sex-specific PQ/RR behaviour might also be of some importance in atrioventricular delay
optimization of implantable devices, especially in cardiac resynchronization therapy. Possibly, sex-specific set-
tings (e.g. that of rate adaptive atrioventricular delay) might be beneficial®’. Nevertheless, compared to healthy
individuals, PQ interval behaviour in patients requiring resynchronization therapy is likely influenced not only
by the underlying pathology by also by the variety of drugs used in heart failure patients.

As many aspects of these observations appear novel, there is little in the published literature which could
be compared to our results apart from the simple findings by Soliman and Rautaharju'® that we have already
mentioned. Nevertheless, when applying the very same data processing technology to the QT/RR relationship,
the results of the analyses were in close agreement with previous independent observations®** and with existing
consensus®’.

Although the source clinical studies did not provide echocardiographic measurements of heart dimensions,
the approximation of body sizes by body mass index showed that none of the observed sex differences were likely
related to the heart sizes which are known to be, on average, larger in males compared to females*!.

Limitations. Our data and analyses also suffer from several limitations. In addition to the curvilinear regres-
sion model, other mathematical forms could be proposed reflecting the shapes of the PQ/RR patterns shown in
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Fig. 1. We have not performed such investigations. Nevertheless, the regression residuals shown in Table 2 were
fairly small and thus the curvilinear model used in the analyses fitted the data reasonably. We have assumed
that the subject-specific PQ/RR hysteresis follows the same adaptation profile for both heart rate increases and
decreases. This might not be the case. The lack of the separation between heart rate acceleration and deceleration
episodes does not impact on the observed sex difference but should still be addressed in the future. Similarly, we
have not addressed the possibility of the circadian variation of the PQ/RR profiles. In particular, since the source
Holter recordings were obtained solely during day-time hours when the subjects were awake, we were not able to
consider day/night differences. The data available for this investigation also did not include P wave morphologi-
cal characteristics. Finally, all the source data were obtained from healthy subjects for whom we do not have any
clinical follow-up. We cannot comment on what the PQ/RR profile might be in cardiac patients, e.g. those with a
history of atrial fibrillation ablation.

Conclusion. Despite these limitations, the study permits to conclude that PQ interval depends on the under-
lying cardiac cycle length in a highly non-linear fashion and that this non-linearity is more marked in females
than in males. Even larger sex difference exists in the speed of the response of the PQ interval duration to heart
rate changes which is, on average, much lower in females than in males. P wave duration was found marginally
but still significantly shorter in females compared to males. These findings highlight substantial sex differences
in atrial and atrioventricular depolarization electrophysiology. It is reasonable to propose that future research of
non-invasive risk assessment of atrial arrhythmias should include the characteristics of P wave and PQ interval
dynamics.

Received: 15 October 2019; Accepted: 29 January 2020;
Published online: 13 February 2020

References
1. Kutyifa, V. et al. PR interval identifies clinical response in patients with non-left bundle branch block: a Multicenter Automatic
Defibrillator Implantation Trial-Cardiac Resynchronization Therapy substudy. Circ. Arrhythm. Electrophysiol. 7, 645-651 (2014).
2. Friedman, D. J. et al. Association between a prolonged PR interval and outcomes of cardiac resynchronization therapy: A report
from the national cardiovascular data registry. Circulation 134, 1617-1628 (2016).
3. Rickard, J. et al. Effect of PR interval prolongation on long-term outcomes in patients with left bundle branch block vs non-left
bundle branch block morphologies undergoing cardiac resynchronization therapy. Heart Rhythm. 14, 1523-1528 (2017).
4. Nikolaidou, T. et al. Prevalence, predictors, and prognostic implications of PR interval prolongation in patients with heart failure.
Clin. Res. Cardiol. 107, 108-119 (2018).
5. Salden, F. C. W. M., Kutyifa, V., Stockburger, M., Prinzen, F. W. & Vernooy, K. Atrioventricular dromotropathy: evidence for a
distinctive entity in heart failure with prolonged PR interval? Europace 20, 1067-1077 (2018).
6. Rasmussen, P. V. et al. Electrocardiographic PR interval duration and cardiovascular risk: Results from the Copenhagen ECG study.
Can. J. Cardiol. 33, 674-681 (2017).
7. Aro, A. L. et al. Prognostic significance of prolonged PR interval in the general population. Eur. Heart J. 35, 123-129 (2014).
8. Bidstrup, S., Salling Olesen, M., Hastrup Svendsen, J. & Bille Nielsen, J. Role of PR-interval in predicting the occurrence of atrial
fibrillation. J. Atr. Fibrillation. 6,956 (2013).
9. Park, J. et al. Prolonged PR interval predicts clinical recurrence of atrial fibrillation after catheter ablation. J. Am. Heart Assoc. 3,
001277 (2014).
10. Schumacher, K. et al. Characteristics of PR interval as predictor for atrial fibrillation: association with biomarkers and outcomes.
Clin. Res. Cardiol. 106, 767-775 (2017).
11. Boriani, G. et al. Effect of PR interval and pacing mode on persistent atrial fibrillation incidence in dual chamber pacemaker
patients: a sub-study of the international randomized MINERVA trial. Europace 21, 636-644 (2019).
12. Hari, K. J., Nguyen, T. P. & Soliman, E. Z. Relationship between P-wave duration and the risk of atrial fibrillation. Expert. Rev.
Cardiovasc. Ther. 16, 837-843 (2018).
13. Conte, G. et al. Usefulness of P-wave duration and morphologic variability to identify patients prone to paroxysmal atrial fibrillation.
Am. J. Cardiol. 119, 275-279 (2017).
14. Oliveira, M. et al. Effects of acute autonomic modulation on atrial conduction delay and local electrograms duration in paroxysmal
atrial fibrillation. Int. J. Cardiol. 149, 290-295 (2011).
15. Dilaveris, P. E., Farbom, P,, Batchvarov, V., Ghuran, A. & Malik, M. Circadian behavior of P-wave duration, P-wave area, and PR
interval in healthy subjects. Ann. Noninvasive Electrocardiol. 6,92-97 (2001).
16. Soliman, E. Z. & Rautaharju, P. M. Heart rate adjustment of PR interval in middle-aged and older adults. J. Electrocardiol. 45, 66-69
(2012).
17. Kalisnik, J. M. et al. Cardiac autonomic regulation and PR interval determination for enhanced atrial fibrillation risk prediction after
cardiac surgery. Int. J. Cardiol. 289, 24-29 (2019).
18. Malik, M., Hnatkova, K., Sisakova, M. & Schmidt, G. Subject-specific heart rate dependency of electrocardiographic QT, PQ, and
QRS intervals. J. Electrocardiol. 41, 491-497 (2008).
19. ICH Guideline. Safety pharmacology studies for human pharmaceuticals S7A. Fed. Regist. 66, 36791-36792 (2001).
20. Malik, M. et al. Proarrhythmic safety of repeat doses of mirabegron in healthy subjects: a randomized, double-blind, placebo-, and
active-controlled thorough QT study. Clin. Pharm. Therap. 92, 696-706 (2012).
21. Hnatkova, K. et al. Systematic comparisons of electrocardiographic morphology increase the precision of QT interval measurement.
Pacing Clin. Electrophysiol. 32, 119-130 (2009).
22. Malik, M., Hnatkova, K., Kowalski, D., Keirns, J. J. & van Gelderen, E. M. QT/RR curvatures in healthy subjects: sex differences and
covariates. Am. J. Physiol. Heart Circ. Physiol. 305, H1798-H1806 (2013).
23. Malik, M., Hnatkova, K., Novotny, T. & Schmidt, G. Subject-specific profiles of QT/RR hysteresis. Am. J. Physiol. Heart Circ. Physiol.
295, H2356-H2363 (2008).
24. Gravel, H., Jacquemet, V., Dahdah, N. & Curnier, D. Clinical applications of QT/RR hysteresis assessment: A systematic review. Ann
Noninvasive Electrocardiol. 23, https://doi.org/10.1111/anec.12514 (2018).
25. Malik, M., Johannesen, L., Hnatkova, K. & Stockbridge, N. Universal correction for QT/RR hysteresis. Drug. Saf. 39, 577-588 (2016).
26. Extramiana, F et al. Clinical assessment of drug-induced QT prolongation in association with heart rate changes. Clin. Pharmacol.
Ther. 77, 247-58 (2005).
27. Malik, M., Hnatkova, K., Kowalski, D., Keirns, J. J. & van Gelderen, E. M. ICH E14-compatible Holter bin method and its equivalence
to individual heart rate correction in the assessment of drug-induced QT changes. J. Cardiovasc. Electrophysiol. 25, 1232-1241
(2014).

SCIENTIFIC REPORTS |

(2020) 10:2551 | https://doi.org/10.1038/s41598-020-59480-8


https://doi.org/10.1038/s41598-020-59480-8
https://doi.org/10.1111/anec.12514

www.nature.com/scientificreports/

28. Linde, C. et al. Sex differences in cardiac arrhythmia: a consensus document of the European Heart Rhythm Association, endorsed
by the Heart Rhythm Society and Asia Pacific Heart Rhythm Society. Europace 20, 1565-1565a0 (2018).

29. Renoux, C., Patenaude, V. & Suissa, S. Incidence, mortality, and sex differences of non-valvular atrial fibrillation: a population-based
study. J. Am. Heart Assoc. 3, 001402 (2014).

30. Brunetti, N. D. et al. Incidence of atrial fibrillation is associated with age and gender in subjects practicing physical exercise: A meta-
analysis and meta-regression analysis. Int. J. Cardiol. 221, 1056-1060 (2016).

31. Yiin, G. S. et al. Age-specific incidence, outcome, cost, and projected future burden of atrial fibrillation-related embolic vascular
events: a population-based study. Circulation 130, 1236-1244 (2014).

32. Amin, A. S., Tan, H. L. & Wilde, A. A. Cardiac ion channels in health and disease. Heart Rhythm. 7, 117-126 (2010).

33. Andrsova, I et al. Individually rate corrected QTc intervals in children and adolescents. Front. Physiol. 10, 994 (2019).

34. Smetana, P. & Malik, M. Sex differences in cardiac autonomic regulation and in repolarisation electrocardiography. Pflug. Arch. 465,
699-717 (2013).

35. Halamek, J. et al. Use of a novel transfer function to reduce repolarization interval hysteresis. J. Interv. Card. Electrophysiol. 29, 23-32
(2010).

36. Malik, M. QT/RR hysteresis. J. Electrocardiol. 47, 236-239 (2014).

37. Vernooy, K., van Deursen, C. J., Strik, M. & Prinzen, F. W. Strategies to improve cardiac resynchronization therapy. Nat. Rev. Cardiol.
11,481-493 (2014).

38. Jacquemet, V. et al. Evaluation of a subject-specific transfer-function-based nonlinear QT interval rate-correction method. Physiol.
Meas. 32, 619-635 (2011).

39. Cassani Gonzilez, R. et al. Assessment of the sensitivity of detecting drug-induced QTc changes using subject-specific rate
correction. J. Electrocardiol. 45, 541-545 (2012).

40. Garnett, C. E. et al. Methodologies to characterize the QT/corrected QT interval in the presence of drug-induced heart rate changes
or other autonomic effects. Am. Heart J. 163, 912-930 (2012).

41. Pfaffenberger, S. et al. Size matters! Impact of age, sex, height, and weight on the normal heart size. Circ. Cardiovasc. Imaging. 6,
1073-1079 (2013).

Acknowledgements
Supported in part by the British Heart Foundation New Horizons Grant NH/16/2/32499 and by Ministry of
Health, Czech Republic, conceptual development of research organization (Grant FNBr/65269705).

Author contributions

Study design K.H., M.M. and O.T. Software development K.H. and M.M. ECG interpretation G.S., KM.H.,
M.S., O.T, PB., PS. and T.N. ECG measurement G.S., KM.H., M.S., O.T,, PB., PS. and T.N. Supervision of the
measurements G.S., T.N., O.T. and P.S. Quality control of the measurements G.S., M.M. and O.T. Statistics and
figures K.H. and M.M. Initial manuscript draft K.H., M.M. and O.T. Final manuscript G.S., KH., KM.H., M.M,,
M.S., O.T, PB., PS. and T.N. Approval of the submission G.S., K.H., KM.H., M.M., M.S., O.T, PB., PS. and T.N.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:2551 | https://doi.org/10.1038/s41598-020-59480-8


https://doi.org/10.1038/s41598-020-59480-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physiologic heart rate dependency of the PQ interval and its sex differences

	Methods

	Investigated population and electrocardiographic recordings. 
	Electrocardiographic measurements. 
	Heart rate and rate hysteresis correction. 
	Relationship to heart rate. 
	Heart rate hysteresis. 
	Investigations of the relationship to heart rate. 
	Minimising regression residuals. 
	Heart rate correction. 
	Comparison between PQ, P wave and QT interval heart rate relationship. 

	Summaries of data in heart rate bins. 
	Statistics and data presentation. 

	Results

	Population and electrocardiographic measurements. 
	Heart rate hysteresis assessment. 
	Curvature of heart rate dependency. 
	Heart rate dependency characteristics. 
	Hysteresis time constants. 
	Curvatures of the curvilinear regression models. 
	Slopes of the regression models. 

	Heart rate corrected intervals. 
	Heart rate bin analyses. 
	Covariates. 

	Discussion

	Limitations. 
	Conclusion. 

	Acknowledgements

	Figure 1 Examples of individual PQ/RR relationship in comparison to the QT/RR relationship in the same individual.
	Figure 2 Cumulative distributions of the regression residuals (see the text for details) of the hyperbolic PQ/RR regression models in the top row and of the linear QT/RR regression models in the bottom row.
	Figure 3 Cumulative distributions of the regression residuals (see the text for details) of the PQ/RR regression models in the top row and of the QT/RR regression models in the bottom row.
	Figure 4 The panels on the top row show the cumulative distribution of subject-specific hysteresis constants of the curvilinear regression models of the PQ/RR relationship on the left and of the QT/RR relationship on the right.
	Figure 5 The panels on the top row show the cumulative distribution of subject-specific curvilinear PQ/RR curvatures (the left panel) and of the subject-specific curvilinear QT/RR curvatures (the right panel).
	Figure 6 The panels on the top and on the middle row show cumulative distributions of curvilinear and linear regression slopes, respectively.
	Figure 7 The panels on the top row show the cumulative distribution of individually corrected PQc (left panel) and QTc (right panel) intervals.
	Figure 8 The results of the heart rate bin analysis (see the text for details) of PQ intervals (top panel), P wave durations (middle panel) and QT intervals (bottom panel).
	Figure 9 Scatter diagrams of the PQc intervals (top panel), rate corrected P wave durations (middle panel) and QTc intervals (bottom panel) against the ages of the study subjects.
	Figure 10 Scatter diagrams of the PQc intervals (top panel), rate corrected P wave durations (middle panel) and QTc intervals (bottom panel) against the body mass index measurements of the study subjects.
	Table 1 Subject and data distribution in separate clinical centres.
	Table 2 Regression residuals.




